to SHreagents.
In the previous paper,1} we reported the conversion of /nms-l ,4-dicyanocyclohexane (t-DCC) to /nms-4-cyanocyclohexane-l -carboxylic acid (r-MCC) by Corynebacterium sp. C5.
The conversion was proved to be a result of catalysis by two enzymes, nitrile hydratase and amidase. The culture conditions for the preparation of cells with high /-MCC-forming activity were studied. To optimize the reaction conditions for t-MCC production from t-DCC with resting cells, charactrization of these two enzymes would be useful. In the present paper, the nitrile hydratase was purified to homogeneity and characterized. The amidase was also purified and some of its enzymatic properties were studied.
Materials and Methods
Chemical. /-DCC,^rarts-4-cyanocyclohexane-1 -carboxyamide (/-MCMA) and /-MCC, and the corresponding cis isomers were kindly donated by Asahi Chemical Industry Co., Ltd. A LMW-protein kit for SDS-polyac-3151 rylamide gel electrophoresis (SDS-PAGE) and molecular weight-marker proteins for high performanc liquid chromatography (HPLC)were purchased from Pharmacia
Co., Ltd., and Oriental Yeast Co., respectively. All other chemicals were usual commercial preparations and used without further purification.
Microorganism. The microorganism used was Corynebacterium sp. C5 described previously.n Medium and cultural conditions. The culture medium comprised 0.5g glycerol, 0.3g Polypepton (NihonSeiyaku), 0.08g KH2PO4, 0.12g K2HPO4, O.lg NaCl, 0.05g isobutryronitrile, 0.02g MgSO4à"7H2O, 0.004g
FeSO4-7H2O, 100/ig biotin and 100/^g thiamin-HCl in 100ml of tap water, pH 7.0. A preculture in 5ml of the same culture mediumwas inoculated into 500ml of the medium in a 2-1 shaking flask, followed by cultivation at 28°C with reciprocal shaking at 100rpm.
Assaying of enzyme activities. The standard assays for nitrile hydratase and amidaseactivities were carried out as described previously.1 } Analysis. The concentrations of /-MCMA, /-MCC, and other amides and organic acids were determined by HPLC as described previously.1} Iron atoms in an enzyme were * Present address: Department of Nutrition, Koshien University, Takarazuka 665, Japan. determined with an inductively coupled radio frequency plasma spectrometer.
Purification of nitrite hydratase. All purification procedures were performed at 0~5°C. The buffer solution used throughout was 10~100mMpotassium phosphate buffer, pH 7.5, and after Step 4, 30mMsodium isovalerate was supplemented to the buffer. Centrifugation at 8,000 x g for 20 min was routinely performed, unless otherwise noted.
Step 1. Preparation of a cell-free extract. Cells were harvested at the stationary phase by centrifugation from 39 1 of culture broth, washed and then resuspended in the same buffer. The suspended cells were disrupted with a Dyno-mill.
The cell debris was removed by centrifugation. The supernatant was used as the cell-free extrct.
Step 2. DEAE-cellulose separation. The cell-free extract was poured into a suspension of DEAE-cellulose (30g) equilibrated with 10mMbuffer and stirred for 30min. The resin suspension was filtered and washed with 10mM buffer, and then resuspended in 100 mMbuffer containing 0.4 m NaCl. After gentle mixing for 30 min, the suspension was filtered and washed with the same buffer. Solid ammoniumsulfate was added to the filtrate to 60% saturation (39 g/100 ml), followed by adjustment to pH 7.5 with a 10% ammonium hydroxide solution. After stirring for 1 hr, the suspension was centrifuged, and the resultant precipitate was dissolved in 10mM buffer and dialyzed against the same buffer.
Step 3. First DEAE-Sephacel column chromatography. The dialyzed solution was applied to a DEAE-Sephacel column (5 x25cm) which had been equilibrated with 10mM buffer. The column was washed with the same buffer (1460ml) and then with 100mM buffer (1050ml). The enzyme was eluted with a linear gradient of NaCl in 100mM buffer (0~0.3m, 1.61 in each container) and fractions which showed nitrile hydratase activity were collected. The enzyme was precipitated by adding solid ammonium sulfate to a final concentration of 60% saturation and then the precipitate was dissolved in 10mM buffer. Fractions which showed amidase activity were also combined and precipitated with ammoniumsulfate at 60% saturation.
Step 4. First Phenyl-Sepharose CL-4B column chromatography. After dialysis, solid ammoniumsulfate was added to the enzyme solution to 15% saturation, followed by application to a Phenyl-Sepharose CL-4B column (2 x 16cm) equilibrated with 100mMbuffer containing ammoniumsulfate at 15% saturation. All buffer solutions used hereafter contained 30mM sodium isovalerate to stabilize the enzyme. The enzyme was eluted by lowering the concentration of ammoniumsulfate to zero linearly in 100 mMbuffer (500 ml). The active fractions were combined and precipitated as described above, and the enzyme solution was dialyzed against 50 mMbuffer.
Step 5. Second DEAE-Sephacel column chromatography. The dialyzed solution was applied to a DEAE-Sephacel column (2.5 x 20cm) equilibrated with 50him buffer and washed with lOOmMbuffer containing 0.09m NaCl. The enzyme was eluted by increasing the ion strength with NaCl in 100mM buffer (0.09 to 0.23m, the total eluent volume being 1 1). The active fractions were combined and concentrated as described above.
Step 6. Second Phenyl-Sepharose CL-4B column chro- Purification of amidase. The amidase fraction on DEAE-Sephacel column chromatography, which was separated from that of nitrile hydratase at Step 3 described above, was further purified. All purification procedures were performed at 0~5°C, using 10~100mMpotassium phosphate buffer, pH 7.5, for Steps 1^4, and 100mM potassium phosphate buffer, pH 7.5, containing 20% (v/v) glycerol for Steps 5~9.
Step 1. Hydroxyapatite column chromatography. The precipitate of the amidase fraction was dissolved in 10 mM buffer and then dialyzed against the same buffer. The dialyzed solution was applied on a hydroxyapatite column (5 x 20cm) equilibrated with 10mMbuffer. The enzyme was eluted with 10 mMbuffer. To the active fraction, solid ammoniumsulfate was added to 30%saturation, and then the precipitate was removed by centrifugation.
Step 2. First Phenyl-Sepharose CL-4B column chromatography. The supernatant was applied on a PhenylSepharose CL-4B column (1.5 x 28cm) equilibrated with 10mMbuffer containing ammoniumsulfate at 30% saturation and washed with the same buffer. The enzyme was eluted with a linear gradient of ammoniumsulfate in 10mM buffer (30~0%, 250ml in each container). The active fractions were combined and solid ammonium sulfate was added to a final concentration of 60% saturation. The precipitate was dissolved in a small volume of 10mMbuffer containing 0.2m NaCl and then dialyzed against the same buffer.
Step 3. First Cellulofine column chromatography. The dialyzed solution was applied on a Cellulofine GC-700m column (2 x83cm) equilibrated with lOmMbuffer containing 0.2m NaCl and eluted with the same buffer.
Step 4. Ammonium sulfate fractionalion.
Solid ammoniumsulfate was added to the active fraction (60 ml) to 45%saturation. The precipitate was removed by centrifugation and then solid ammonium sulfate was further added to 55% saturation. The precipitate was dissolved in lOO mMbuffer containing 20% glycerol and then dialyzed against the same buffer.
Step 5. Second DEAE-Sephacel column chromatography.
The dialyzed solution was applied on a DEAE-Sephacel column (1.75 x 21.5cm) equilibrated with the buffer and washed with the same buffer, and then eluted by increasing the ionic strength with NaCl (0 to 0.3 m) in the same buffer. The active fractions were combined and solid ammonium sulfate was added to 30%saturation.
Step 6. Second Phenyl-Sepharose CL-4B column chromatography. The enzyme solution from
Step 5 was applied on a Phenyl-Sepharose CL-4B column (1.75 x 12.6cm) equilibrated with the buffer containing ammoniumsulfate at 30% saturation. After washing with the buffer containing ammoniumsulfate at 10%saturation, the enzyme was eluted with a linear gradient of ammoniumsulfate in the buffer (10~0%, 100ml in each container). The active fractions were combinedand concentrated by ammonium sulfate saturation as described above. The pellet was dissolved in a small volume of the buffer and then dialyzed against the buffer.
Step 7. Third DEAE-Sephacel column chromatography.
The dialyzed solution was applied with the buffer and eluted by decreasing the pH of the buffer (pH 7.5 to 6.2, the total eluent volume being 300 ml). The active fractions were combined and concentrated as described above. The enzyme was dialyzed against the buffer containing 0.1 m NaCl.
Step 8. Fourth DEAE-Sephacel column chromatography. The dialyzed solution was applied on a DEAE-Sephacel column (2.2 x 7.9cm) equilibrated with the buffer and eluted with a linear gradient ofNaCl (0.1~0.2m, the total eluent volume being 300 ml).
Molecular weight determination. The molecular weight of nitrile hydratase was determined by HPLC, with a Shimadzu LC-6A liquid chromatograph, a Shimadzu SPD-6A UV spectrophotometric detector and a HITACHI 833 chromato-processor. A sample of 5/d, containing about 0.3 mg protein, was injected onto a TSKgel G 3000-SW column (0.75 x60cm) with a TSK guard column, type SW, and eluted at the flow rate of0.5 ml/min with 0.1 m potassium phosphate buffer, pH 7.5, containing 30mMsodium isovalerate. The molecular weight of the enzymewas calculated through comparison with the retention times of marker proteins. The molecular weight of the subunit was determined by by the addition of /^-butyric acid.6) In the experiment on stabilization of the enzymes, some organic acids were found to be effective for the nitrile hydratase of Corynebacterium sp. C5. Isovalerate and caprylate were more effective than^-butyric acid. Isovalerate showed a stabilizing effect at a lower concentration than caprylate. The most effective concentration of isovalerate was around 30 him, which was used in the following experiments. Purification of nitrile hydratase A summary of the purification of nitrile hydratase is given in Table I . The purified enzymepreparation, whose overall yield was 6 .1% and purity was 130-fold, as to the cellfree extract, gave a single a band on SDS-PAGE( Fig. 1) and was used in the following experiments.
Molecular weight of nitrile hydratase
The molecular weight of the native nitrile hydratase was estimated to be 61,400 on gel filtration by HPLC. The molecular weight of the subunit was calculated to be 26,900 by SDS-PAGEon a 10% gel. These results indicated that the native enzymemolecule was composed of two subunits. It was shown that the nitrile hydratases from Arthrobacter sp. J-17) and Brevibacterium sp. R3128) were composed of two kinds of subunits, judging from the patterns on SDS-PAGE. The nitrile hydratase of Corynebacterium sp. C5 was different from them in molecular weight and the behavior on SDS-PAGE. The purified enzyme (about 50/ig) was incubated in the presence ofSDS and 2-mercaptoethanol at 95°C for 5 min.
The enzymewas subjected to electrophoresis in the presence of 0.1% of SDS at the current of 5mAfor 30min and then at 10mAfor 1.5hr. The gel was stained with Coomassie Brilliant Blue G-250.
OptimumpH for nitrile hydratase activity The effect of pH on the enzyme activity was studied with the reaction mixture containing various buffers, pH 6.0^10.5. The pH optimum was around pH 8.0^8.5.
Effect of temperature on stability of the nitrile hydra tase
It was suggested that the decrease in t-MCC-forming activity in the resting cell resting cell reaction with Corynebacterium sp. C5 was mainly due to a decrease in that of nitrile hydratase.X) So the effect of temperature on the stability of the enzyme was examined. The enzyme was incubated for lOmin in lOmM potassium phosphate buffer, pH 7.5, containing 30mMsodium isovalefate at 10°to 50°C, The reaction was carried out under the standard conditions described under Materials and Methods, except that r-DCC was replaced by various nitriles, 4mg. The activity was determined by measuring the increase in the product.
Substrate
Relative activity (%) Figure 2 shows the visible and ultraviolet spectra of the purified enzyme. The enzyme exhibited a broad absorption band with an absorption maximum at 710nm. There was also a shoulder with an absorption maximum at 400nm. These findings showed the similarity to the nitrile hydratases from P. chlororaphis B23 and Brevibacterium R312.6'8)
Effects of inhibitors and metal ions on nitrile hydra tase Table III shows that the enzyme was sensitive to SH reagents such as Hg2+, though Nethylmaleimide and /?-chloromercuribenzoate were slightly inhibitory.
The enzyme activity was also slightly inhibited by 6>-phenanthroline and o^a'-dipyridyl.
This indicated the existence ofa metal ion in the enzyme molecule. It was previously shown that the addition of FeSO4 to the culture mediumwas effective for improving the r-MCC-forming activity.1}
The enzyme was subjected to inductively coupled plasma analysis and found to possess an iron atom, in or attached to the molecule. The absorbance of the enzyme around 710nm
would be due to the iron atom, the iron content was 1.75ng per 8.27mg of purified enzyme. The ratio was calculated to be one iron atom per 4.30 molecules of the enzyme. This ridiculous ratio may be explained by the Fig. 2 . Absorption Spectra of Nitrile Hydratase.
The concentration of protein was 3.83mg/ml in 10mM potassium phosphate buffer containing 30mM sodium isovalerate, pH 7.5. The same buffer solution was used as a blank.
low yield of the enzyme, 6.12%, after six purification steps; the enzyme had at least one iron atomper enzymemoleculeas a prosthetic group, some of which were detached during the purification procedure. However, the addition of Fe2+ to the enzyme solution did not increase the activity. The actual state of iron in the enzymewas not clear. Nomanganesewas detected, though the addition of Mn2+to the culture medium was effective for t-MCCforming activity.
Phenylhydrazine completely abolished the enzyme activity. This indicated the presence of which was reported to be a PQQenzyme.9)
Identification of PQQin nitrile hydratase Nitrile hydratase, 15 mg, was hydrolyzed in 6n HC1 at 120°C for 48hr. The hydrolyzate was evaporated in vacuo several times and then neutralized with a small amount of a concentrated NaOHsolution. The solution was dried up in a concentrator and then dissolved again in a small volume of a 10%methanol solution. Then, the solution was passed through a Sephadex G-10 column (1.0x 120cm) equilibrated with 10% methanol, fractions of 2.1 ml being collected. On enzymatic analysis of PQQ using membrane-bound GDH, active fractions which reconverted the apo-GDHto holo-GDH were obtained. Since only PQQor PQQanalogs could reactivate the apo-GDH, the presence of PQQin the enzyme molecule was strongly suggested. One of the fractions was then subjected to fluorescence spectroscopy and spectrophotometry (Fig. 3) . The absorption spectra showed a peak at 252nm and a shoulder at 360nm, which are characteristic of PQQ. The excitation spectra showed a broad intense band at 220~280 nm, indicating the presence of PQQ adduct(s) attached to amino acid residues. The 
Purification of amidase
Amidase was purified 220-fold, as to the cell-free extract, after 12 steps, with a yield of 3.0% (Table  IV) . Although the SDS-PAGE pattern of the purified preparation showed the existence of some contaminating proteins, the activity of the preparation toward 10 kinds of amides was almost identical to that of the cellfree extract (Table V) . This result together with the fact that no other amidase activity was observed during the purification process suggested that the Coynebacterium sp. C5 strain formed only one kind of amidase under the conditions examined.
Substrate specificity of amidase Table V shows that the amidase of Effect of temperature on amidase activity Amidase exhibited maximum activity at around 50°C. In the previous study,1) the accumulation of a small amount of (-MCMA during t-MCCformation by resting cells was observed and the greater heat-lability of nitrile hydratase than amidase was demonstrated. Complete conversion of t-MCC would be attained faster by increasing the reaction temperature after the disappearance of r-DCC.
Optimum pH for amidase activity Amidase showed maximumactivity in the pH range of 6.5 to 10.0. This tendency was quite different from in the case of the nitrile hydratase, and indicated that the nitrile hydratase was rate-limiting in the resting cell reaction below and above pH 8.5.
Effects of metal ions and inhibitors on amidase activity
The purified amidase preparation, and 1 mM metal ions and inhibitors were simultaneously added to the reaction mixture, and then the formation of t-MCC was measured (Table III) . Among the reagents tested, only Hg2+ and PCMBhad inhibitory effects. The amidase previously reported1 M2) are highly sensitive to SH reagents such as Hg2+ and /?-chloromercuribenzoate. For example, 85% of the initial activity of the amidase from Arthrobacter sp. J-l was lost on incubation with 1 /hm Hg2+. In addition to the fact that the inhibitory effect was very low (15 and 17% inhibition at 1mM), no other reagent known as an SH reagent showed an inhibitory effect at all. Thus, the amidase of Corynebacterium sp. C5 would be quite different from other amidases in the sensitivity to SH reagents.
